from the European Soil Database and climatic data are stored in the agrometeorological 23 database of the MARS Project. The vulnerability to compaction is assessed using a 24 two-stage process. First, the inherent susceptibility of the soil to compaction is 25 estimated on the basis of the relatively stable soil properties of texture and packing 26 density. Second, the susceptibility class is then converted into a vulnerability class 27 through consideration of the likely soil moisture status at the time of critical loadings. 28
For use at local level, adjustments are suggested to take account of possible differences 29 in the support strength of the topsoil and specific subsoil structural conditions. The 30 vulnerability classes proposed are based on profile pit observations, on a wide range of 31 soils examined mainly in intensively farmed areas where large-scale field equipment is 32 employed. A map of soil susceptibility to compaction in Europe has been produced, as 33 the first stage in developing a more rigorous quantitative approach to assessing overall 34 vulnerability than has been possible hitherto. 35 36
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1. Introduction 40 41
In the context of this paper, 'subsoil is defined as subsurface soil material that lies 42 below the normal annual cultivation depth or pedological A horizon as appropriate '. 43 Knowledge concerning the vulnerability of subsoils in Europe to compaction is an 44 increasing requirement within agriculture and in the planning of environmental 45 protection measures. Once subsoil damage occurs, it can be extremely difficult and 46 expensive to alleviate. Subsoil compaction risks are increasing with growth in farm 47
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2 size, increased mechanisation and equipment size, and the drive for greater 1 productivity. The response of the engineering industry to the demands of agriculture 2 has been impressive over the past 30 years. Larger and larger machines have been 3 developed but, from the soil standpoint, the result has been a significant increase in 4 axle loads not always matched by reductions in ground contact pressures to prevent or 5 minimise compaction. (Renius, 1994; Tijink et al., 1995) . 6 7
Research into the causes and effects of compaction in topsoils and subsoils in Europe 8 has demonstrated the detrimental effects on the farming system (Hakansson, 1994 ). It 9 is now clear, however, that the detrimental effects of compaction go far beyond 10 agricultural concerns of restricted root penetration, decreasing yields and increasing 11 management costs. The overall deterioration in soil structure that may result from 12 compaction, aggravated at times by a build up of water above the compacted layer, can 13 also: 14 1. increase lateral seepage of excess water over and through the soil, accelerating the 15 potential pollution of surface waters by organic wastes (slurry and sludge), 16 pesticides, herbicides and other applied agrochemicals; 17 2. decrease the volume of the soil system available to act as a buffer and a filter for 18 pollutants ; 19 3. increase the risk of soil erosion and associated phosphorus losses on sloping land 20 through the concentration of excess water above compacted layers; 21 4. accelerate effective runoff from and within catchments. 22 5. increase green house gas production and nitrogen losses through denitrification 23 under wetter conditions. 24 25 Recently, the Regions in Europe have been charged with the task of developing 26 environmental protection plans and an integral component of these will be soil 27 protection. Compaction, particularly in subsoils, has, therefore, ceased to be a problem 28 only of productive agriculture; the environmental impacts that can ensue are now 29 causing serious concern (Van den Akker, 1999 The most readily available spatial information on soils in most countries is soil survey 2 data and this can be supplemented with climatic and land use/cover data. A simple 3 scheme, using existing soil and climatic data for assessing the vulnerability of subsoils 4 to compaction in different climatic situations, is described here. Adjustments are also 5 proposed for application of the scheme in local areas but it should be emphasised that 6 any such scheme can only provide general guidance for use on a local or national scale. 7
Modification for local situations must take account of particular local characteristics 8 that could alter any vulnerability class. The degree of soil movement and possible compaction consequences, that occur when 27 a soil is subjected to external loads, depend upon the magnitudes of the loads, the 28 pressures applied and the soil sliding or shearing resistance developed during 29 deformation. (Spoor, 1979) . Soil shearing resistance comprises largely of two 30 components whose magnitudes vary between soils and soil conditions. The two 31 components are the frictional and cohesive resistances. 32 33
The magnitude of the frictional resistance component is dependent on soil particle type 34 and size distribution, the shape, size and stability of structural units present, and the 35 nature and tightness of their packing (Terzarghi and Peck, 1962 The soil moisture content is the most variable of these parameters and, in the case of 20 compaction, the water content at the time of deformation is critical to the amount and 21 extent of compaction that occurs and its subsequent effect on soil physical conditions. 22
On a medium timescale, climate and weather govern the moisture status of soils except 23 in highly receiving sites such as marshes, the lowest parts of river valleys and around 24 lakes, including wetlands. This PTR at European level integrates an estimate of subsoil structure, assessed as 7 poor, medium or good from pedological inputs such as the FAO soil name, to give 8 packing density or Lagerungsdichte (Renger, 1970) . Packing density (PD), which 9 elsewhere in the literature is given the symbol Ld, effectively integrates the bulk 10 density, structure, organic matter content of mineral fraction and clay content, to 11 provide a single measure of the apparent compactness of the soil. Elsewhere, it has 12 proved to be a very useful parameter for spatial interpretations that require a measure 13 of the compactive state of soils (Jones and Thomasson, 1993 is an important aspect of the overall strength of the soil and hence its susceptibility to 1 compaction. Generally, soils with single grain, granular and weakly developed blocky 2 structures are susceptible to compaction. Strong blocky, prismatic and platy structured 3 soils are not particularly susceptible at low moisture contents but generally the 4 susceptibility of these structures is strongly interactive with moisture content. Another 5 complicating factor is that fine and very-fine textured soils with angular blocky and 6 prismatic structures often have high packing densities. In this respect, these soils can 7 be regarded as naturally compact and, therefore, are not usually susceptible to further 8 compaction as a result of management. For local application, adjustments to 9 vulnerability class may be necessary to take account of specific soil structure 10 situations. 11 12 3.2. Soil/climate interactions influencing vulnerability to compaction 13 14
The previous section describes the soil physical properties important in assessing the 15 inherent susceptibility of a soil to compaction. However, the strength of any soil at a 16 particular bulk density depends, crucially on its moisture status at the time of loading 17 and deformation (Spoor and Godwin, 1979 Table 2 classifies the inherent susceptibility of subsoils to compaction on the basis of 3 texture and packing density. The classification does not include a soil structure item 4 directly, because in practice subsoil structure and its stability are often closely related 5 to texture and packing density Where deviation from this occurs, due allowance will 6 need to be made directly for the influence of structure. In the classification system 7 proposed, it is considered that any structure within the texture code classes 1,2,3 and 9 8 is very weak in terms of its potential resistance to subsoil compaction. Strong and 9 coarse structural units are frequently found in the fine and very fine texture classes 10 playing an important role in resistance to compaction and this is taken into account in 11 the susceptibility classes suggested. 12 13
The susceptibility classification ( Table 3 classifies the vulnerability of subsoils to compaction on the basis of inherent 32 soil susceptibility, climatic zone (defined by potential soil moisture deficits and the 33 duration of field capacity, measured in days) and topsoil strength. The influence of the 34 topsoil condition is included, since this can have a significant effect on the degree of 35 'protection' provided to the subsoil. In situations where the topsoil is loose and weakly 36 structured, or where it is very wet and tends to flow on loading, the vulnerability rating 37 in a number of situations will increase. 38 39
The vulnerability classes defined in Table3 It must be stressed that the vulnerability classification has been developed as a guide to 8 the likelihood of subsoil compaction occurring. It should not, however, be considered 9 as rigid and binding. There are some fine textured (codes 3,4 and 5 in Table 2 ), low 10 density, weakly structured subsoils with very limited macroporosity, where only a 11 small reduction in this porosity would have a very significant adverse effect on their 12 physical properties. In such cases, whilst the vulnerability classes assigned to these 13 soils would be similar to those of equivalent soils with greater macroporosity, field 14 experience indicates their sensitivity to the effects of compaction would be greater. 15
Therefore choosing a higher vulnerability rating would provide a greater margin of 16 safety against damage at high moisture contents. Conversely, in dense strong coarsely 17 structured soils, it may be possible to reduce the vulnerability rating. The Fladbury series clay soil (60% clay) is of low density and frequently extremely 5 wet, but rarely in continuous arable cropping. Being a Fluvisol, its 'susceptibility to 6 compaction' rating for a given packing density is increased relative to non-Fluvisols, 7 due to its very low density (see footnote The inherent susceptibility to subsoil compaction, estimated from soil properties, is the 23 first step to assessing vulnerability. The vulnerability classification proposed here is 24 intended for guidance and, at this stage, should not be regarded as definitive. However, 25 modifications to susceptibility and vulnerability classes can be made in specific 26 situations, taking account of local factors and management aspects, as illustrated in the 27 previous section. Particular attention needs to be given to soil wetness at the time of 28 trafficking and to the particular loads and pressures being applied. Whilst the 29 magnitude of axle loads is often emphasised, it is crucial that the importance of ground 30 pressures is given equal attention. Appropriate reductions in contact pressures can, 31 within wide limits, mitigate the effects of high axle loads on the potential for subsoil 32 compaction (Chamen et al., in press) 33 34
The only practical means whereby areas at risk of subsoil compaction can be identified 35 at the European level is by building links between the scheme proposed here and the 36 European Soil Database. The computerised geometric and attribute data in this 37 database provide the necessary inputs, at the simplest level, to assess inherent 38 susceptibility to subsoil compaction. To obtain vulnerability, climatic data must be 39 'overlaid' on the inherent susceptibility. 40 41
The agrometeorological database for the MARS Project, held at the Joint Research 42
Centre, contains data that are suitable for computing a moisture index such as potential 43 soil moisture deficit. The database contains average data on temperature, evaporation 44 and rainfall for 50km x 50km grid squares covering the whole of Europe (for this grid 45 network see Zdruli et al. 2001 ). These data should provide the basis for generating the 46 potential soil moisture deficit (PSMD) data that are needed to convert susceptibility 47 into vulnerability. However, for future policy-making and implementation, PSMD will 1 be needed at resolutions better than 50km x 50km, for example 25km x 25km or 20km 2 x 20km. This is because climatic conditions in much of Europe can vary considerably 3 over distances smaller than 50km. 4 5
At the next stage of developing a European vulnerability map, it is probably not 6 appropriate to attempt to map the relative differences between the vulnerability classes 7 based solely on the European Soil Database. In the policy-making context, it is 8 probably sufficient to categorise subsoils more simply as either vulnerable or not 9 vulnerable. A simplified classification indicated in Table 5 is suggested as a basis for 10 this. 11 12
It is essential in future that land use and generalised crop cover data are also included 13 in the final vulnerability assessments. On the basis of the existing information described here, any attempt to identify the 21 vulnerability to compaction of subsoils in Europe, on a spatial basis, lends itself to 22 fundamental improvement. 23 24
Initially, the main tasks for future improvement of the approach described in this paper 25 are: 26 1. Combine existing climatic data (at 50km x 50km intervals) with inherent soil 27 susceptibility data to produce estimates of subsoil vulnerability to compaction. The relevance of this type of modelling, applied through a soil map at 1:1,000,000 36 scale, may be questioned. It may be more appropriate at scales of 1:50,000 or larger, 37
where real crop performance in specific fields, or where detailed management 38 interventions, are being evaluated. It is clear that the basic data to run such models at 39 scales larger than 1:1,000,000 will be lacking for some parts of Europe for many years 40 to come. In the absence of these data, however, the approach described in this paper 41 offers the best chance of achieving results that are satisfactory enough for broad scale 42 policy-making in the immediate future. 
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